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• Abstract -We present neutron scattering measurements of the phonon-roton (P-R) and layer modes of liquid 4 He confined in MCM-41 under pressure up to 38 bar. The data shows unambiguously that the P-R mode exists at low temperature only. As temperature is increased, there is a gradual transfer of intensity from the P-R mode to the normal liquid response, which lies at a lower energy at higher pressure. The transfer takes place with no observable mode broadening. The loss of P-R modes is identified with the loss of Bose-Einstein condensation (BEC). The mode giving rise to the specific heat, cV , of liquid 4 He in porous media (e.g., gelsil) at higher temperature is the layer mode since the energy of the mode extracted from cV and the layer mode energy are the same.
Copyright c EPLA, 2012
There is a rich and long-standing debate on the nature of phonon-roton (P-R) modes in liquid 4 He. The first picture is that they are collective density modes of a strongly interacting cold Bose liquid. This picture was initiated by Landau [1, 2] and developed by Feynman [3] and others [4] [5] [6] [7] . It forms the basis used today to calculate P-R mode energies with high accuracy [8] [9] [10] . In this picture gradual thermal broadening of modes with increasing temperature is expected [11] [12] [13] [14] . The second is that they are density modes but Bose-Einstein condensation (BEC) plays a critical role in establishing them as sharply defined modes at low temperature, especially at higher wave vectors in the roton region Q ≃ 2Å −1 and beyond. When there is BEC, the density and single-particle (SP) modes have the same energy [15] [16] [17] [18] . There are therefore no independent, low-energy SP modes to which the P-R mode can decay. The P-R mode can decay only to itself, which becomes vanishingly small at low temperature. This picture originated with Bogoliubov [15] and was extended to Bose liquids by Gavoret and Nozières [16] and others [17, 18] . The single-particle and density responses observed in the dynamic structure factor, S(Q, E), are coupled via the condensate. In this picture we expect a difference [19] in S(Q, E) below and above T BEC ,t h e temperature at which BEC vanishes and above which independent SP modes can exist.
We present new data on liquid 4 He under pressure in MCM-41 which shows that the P-R mode at higher wave vectors exists at low temperature only. As the temperature is increased, there is a transfer of intensity from the P-R mode to new intensity at low energy. Above a specific temperature, denoted T BEC , there is no longer an observable P-R mode. T BEC is identified as the temperature at which BEC and as a result P-R modes no longer exist in the liquid. Above T BEC , all the intensity is at low energy, which is interpreted as the response of the normal liquid (NL) where there is no BEC.
A simple transfer of intensity from the P-R mode to NL response with no mode broadening is observed at 34 bar because, under pressure, a) the P-R mode disappears at low temperature (T BEC ≃ 1.5K) before thermal broadening of the mode becomes significant and b) the "normal" liquid response lies at low energy (E ≃ 0) that can be readily distinguished from the P-R mode. The P-R mode is therefore not simply a sharp density mode in a cold Bose liquid which broadens with increasing temperature. Rather it depends for its existence as a sharp mode on BEC. The transfer of intensity is not so 56008-p1 J. Bossy et al.
clear in bulk liquid
4 He at lower pressure because there is mode broadening as well as intensity transfer and the P-R and NL intensities overlap in energy making it difficult to distinguish the NL response from the broadened P-R mode. In the bulk liquid, the loss of BEC coincides with the loss of superflow (T BEC = T λ ). Above T BEC ,t h e normal liquid response in bulk liquid 4 He changes little with temperature [20, 21] .
Secondly we present measurements of the layer modes in liquid 4 He under pressure in both MCM-41 and gelsil. This shows that the mode responsible for the specific heat, c V , of liquid helium in porous media at higher pressure is the layer mode, as at SVP in Vycor [22] [23] [24] . Thus, the temperature at which c V p e a k si sg o v e r n e db yt h el a y e r mode and the existence of layer modes has no established connection with BEC.
The measurements were performed on the IN5 and IN6 time-of-flight spectrometers at the Institut LaueLangevin which are described fully at www.ill.fr.I n c ident neutron wavelengths of 5.0Åa n d4 .1Å, with corresponding energy resolutions of 0.1 meV and 0.17 meV, were used, respectively. The MCM-41 of 47 ± 3Åp o r e diameter was fabricated by the "Laboratoire de Materiaux Mineraux", Mulhouse, France, and is fully described in ref. [25] . The gelsil of 25Å mean pore diameter was fabricated by 4F International and is fully described in ref. [26] . In these porous media, 4 He remains liquid up to 38 bar where it solidifies to an amorphous solid [25] . The sample cells are fully described in refs. [25, 26] .
Figure 1 (top) shows the scattering intensity, proportional to the dynamic structure factor, S(Q, E), from the helium in the sample cell at 25.3 bar and T =0.4K. This is scattering from the liquid 4 He in the MCM-41 pores and the bulk crystalline solid 4 He between the grains of the MCM-41. The volume in the pores and between the grains is V P =0.83 cm 3 and V IG =1.87 cm 3 , respectively, V P /V IG =0.44. The helium in the pores is liquid except the first 1-2 layers on the pore walls which is amorphous solid. Elastic scattering from the amorphous solid layers is seen in fig. 1 at E =0 and 1.8 <Q<2.5Å −1 . The P-R mode of the liquid 4 He in the MCM-41 pores is observed at energies, 0.6 E 1.2 meV. The P-R dispersion curve is only faintly visible in the phonon region (Q ≃ 0.5Å −1 ), not visible in the "maxon" region (Q ≃ 1.1Å −1 ) but is intense in the roton region, 1.8 Q 2.3Å −1 and E ≃ 0.6meV. The intensity at higher energy arises from phonons in the polycrystalline solid between the grains. The lower-energy optic phonons in the polycrystalline solid have an apparent "roton"-like appearance at an energy E ≃ 1.1 meV on a time-of-flight instrument.
Figure 1 (bottom) shows the scattering intensity, S(Q, E), at fixed wave vector Q =2.10Å −1 (the roton Q) vs. E as a function of pressure at T =0.4K. The large peak at E ≃ 0 is the elastic scattering. The peak at E ≃ 0.6 meV arises from the roton in the liquid confined in the MCM-41 pores and that at E =1.1-1.4 meV from the phonons in the bulk solid around the MCM-41. −1 , inelastic scattering from the phonon-roton (P-R) mode of liquid 4 He in MCM-41, especially in the roton region (Q ≃ 1.8-2.3Å −1 ) centered at E ≃ 0.6 meV, and inelastic scattering from phonons in bulk solid helium, particularly for 1.8 Q 2.3Å −1 and E ≃ 1.1 meV. Bottom: S(Q, E) at constant Q =2.1Å −1 (the roton Q) vs. pressure at T =0.4 K. The intensity arising from the roton of liquid 4 He in MCM-41 decreases with increasing pressure until at 37.8 bar there is little or no roton.
As pressure is increased, the intensity in the roton peak decreases until at p =37.8 bar there is essentially no roton peak. Immediately above 37.8 bar, the liquid solidifies [25] . At p>45 bar, where there is amorphous solid in the pores [25] , no roton is observed. The roton energy decreases with increasing pressure, as in bulk liquid 4 He [21, 27] . In contrast the energy of the phonon density of states (DOS) increases with increasing pressure as expected in an ordinary solid. The key result is that the roton intensity decreases gradually with increasing pressure and there is no roton in the solid phase, p>38 bar. Figure 2 shows the net scattering intensity, S(Q, E), at Q =2.1Å −1 from the liquid in the MCM-41 pores at 34 bars and low temperature, T =0.2 K. The scattering from
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Phonon −1 , vs. E. Also shown is a fit consisting of a phonon-roton mode, SR(Q, E), (green line centered at E ≃ 0.6m e V )a n dal a y e rm o d e ,SL(Q, E), (red line centered at E ≃ 0.45 meV), S(Q, E)=SR(Q, E)+SL(Q, E).
the amorphous solid layers on the pore walls and the solid between the MCM-41 grains has been subtracted. The net liquid S(Q, E) can be fitted as the sum of two modes, a roton mode, S R (Q, E), centered at E ≃ 0.6 meV plus a broad layer mode, S L (Q, E), peaked at E ≃ 0.45 meV as shown in fig. 2 . More complex representations of S(Q, E) are possible. A P-R mode and a broad layer mode (which could be more than one layer mode [28] ) are observed widely in porous media such as Vycor [29] [30] [31] and aerogel [32] . The layer mode propagates in the 2-4 layers of liquid closest to the pore walls. The P-R mode, the same mode as found in bulk liquid helium, propagates in these layers and in the liquid in the interior of the media. The association of layer modes with the liquid layers near the walls and P-R modes chiefly with the liquid in the interior is determined from measurements of mode intensities as a function of filling [32] .
Specifically, we write
in which the roton mode S R (Q, E) is represented by a damped harmonic oscillator (DHO) function,
where n B (ω) is the Bose function, and S L (Q, E)b ya Gaussian function. A best fit to the data in fig. 2 gives a roton energy ω Q =0.59 ± 0.02 meV and width 2Γ Q = 0.071 ± 0.004. Interestingly, the roton has a finite apparent intrinsic width in MCM-41 at 34 bar at T =0.20 K.
The magnitude of S L (Q, E)i ne q .( 1 )d e p e n d so nt h e volume of liquid in the liquid layers near the walls. From the fits to the data in fig. 2 , we found integrated intensities (4) arises from allowing the weights fR and fL in the P-R mode and layer mode to decrease with T .AtT =0.2K,fR = fL = 1. Bottom: the weights, fR and fL in the P-R mode and layer mode, respectively, vs. tempera t u r e .U pt o1 .3K, fL = 1. The weight in the P-R mode goes to zero at T =1.5K.
of S R (Q)=1.08 and S L (Q)=0.91. This means that in MCM-41 the volume of liquid near the walls is large enough that S L (Q) is comparable to S R (Q). In large pore media S L (Q) is relatively much smaller [32] . Note that while there is some overlap, the roton and layer modes propagate in different regions of the liquid. Figure 3 (top) shows the temperature dependence of the net S(Q, E) at 34 bar. In fig. 3 , the intensity from the solid at T =0.2 K that was subtracted was multiplied by the thermal factor [n B (ω) + 1] to allow for the temperature dependence of the background, a negligible effect for E> 0.15 meV up to 1.7 K. As temperature is increased, the intensity in the P-R mode decreases. The intensity that was in the P-R mode at low temperature is transferred to new intensity at low energy centered near E ≃ 0 at higher temperatures. At T =1.5 K the P-R mode is no longer observed, as we show below. This is similar 56008-p3 to the transfer of intensity seen in the bulk liquid at lower pressure [20, 33, 34] . However, it is much clearer in the present data at 34 bars for two reasons. Firstly in fig. 3 (top) , the transfer of intensity takes place with no observable thermal broadening of the P-R mode. This is because the roton has already a small intrinsic width, 2Γ Q =0.07 meV at low temperature (T =0.20 K), and the roton intensity vanishes at T =1.5 K where the thermal broadening of the roton mode is small [20] (e.g., in bulk liquid 4 He at 20 bars at T =1.5K,2Γ Q ≃ 0.08 meV). Thus, it is clear that the temperature dependence is intensity loss without broadening. Secondly, as temperature increases, the intensity lost from the P-R mode appears at low energy near E ≃ 0 well separated from the P-R mode. The layer mode survives to higher temperature, above 1.7K, the maximum temperature investigated here.
As in earlier work [30, [35] [36] [37] [38] , we interpret the temperature at which the roton disappears as T BEC , the maximum temperature at which BEC exists in the liquid. Thus, at 34 bar T BEC =1.5 K. At SVP, the P-R mode in porous m e d i ae x i s t su pt oat e m p e r a t u r eT BEC which lies below but is close to T λ in all media investigated [30, 35, 37, 39, 40] . At higher pressure (e.g., 32-34 bar), T BEC is reduced to about 1.5 K in all porous media investigated (Vycor, gelsils and MCM-41) [26, 38, 41] . While T BEC is similar in all porous media, the superfluid transition temperature T c is very sensitive to the pore geometry and size [24, [42] [43] [44] and lies below T BEC . For example, T c goes to zero at 34 bar in 25Å gelsil [43] where T BEC ≃ 1.5 K. The temperature range T c <T <T BEC , where there is BEC but no superflow, is interpreted as a temperature range of localized BEC [30, [35] [36] [37] [38] 45] in which the BEC is spatially localized to islands (e.g.,2 5 A in diameter) separated by normal liquid.
The new feature of the present data in fig. 3 is that the intensity in the P-R mode decreases as temperature is increased without observable mode broadening and this intensity is transferred to new response centered near E ≃ 0. The intensity near E ≃ 0 is interpreted as normal liquid response, S N (Q, E). Thus, the present data shows that the temperature dependence of S(Q, E)i sn o ta broadening of the P-R mode. Rather, S(Q, E)b e l o wa n d above T BEC is quite different and lies in a different energy range.
To clarify the temperature dependence of S(Q, E)i n fig. 3 (top) we fitted a simple model to the data consisting of a P-R mode, S R (Q, E), a layer mode, S L (Q, E), and the normal liquid response, S N (Q, E). The S R (Q, E), S L (Q, E)andS N (Q, E) are all assumed to be independent of temperature. In the model only the weights in the modes change with temperature. The weights f R and f L , in S R (Q, E)a n dS L (Q, E), respectively, decrease with temperature and this weight is transferred to S N (Q, E). The weights f R and f L are obtained by fits to data as a function of temperature. Up to T =1.3 K we can get a good fit to the data with a model in which there is transfer from the roton to the normal liquid response only, i.e.,only f R changes with temperature with the weight in the layer mode independent of T ,
The fits of eq. (3) to data up to T =1.3 K are shown as lines in fig. 3 (top) and the best-fit values of f R are shown in fig. 3 (bottom) . Above 1.3 K, between 1.4K and 1.7 K, the maximum temperature investigated, we obtain a better fit if the weight f L in the layer mode also decreases with T .T h a t is, above 1.3 K we expand the model to
in which there is in addition transfer of intensity from the layer mode to S N (Q, E). The best fit values of f R and f L are again shown in fig. 3 (bottom) . We see that the weight in the P-R mode f R decreases uniformly with increasing temperature and f R =0 at T =1.5 K. The temperature dependence of f R is similar to that of the condensate fraction [46] , n 0 (T ). The integrated intensity in the normal response is S N (Q)=1.10 so that, with S R (Q)=1.08 and S L (Q)=0.91, the total S(Q) of the model eq. (4) is approximately independent of temperature as observed in bulk liquid 4 He. These fits confirm that there is a complete transfer of intensity from the P-R mode at low T to normal liquid response centered at E ≃ 0a tT BEC =1.5K and that S(Q, E) is quite different above and below T BEC .
To illustrate how BEC can play a role in establishing well defined P-R modes in S(Q, E)w et u r nt ot h e field theory formulation [15] [16] [17] [18] of S(Q, E)i nw h i c hn 0 appears explicitly. In this formulation both the singleparticle Green function, G(Q, ω), and the density dynamical susceptibility, χ(Q, ω), that we observe in S(Q, ω), are evaluated. Specifically, S(Q, ω)i sg i v e nb yS(Q,
, where χ ′′ is the imaginary part of χ. When there is a condensate, χ(Q, ω)a n d G(Q, ω) have a common denominator [17] and therefore have the same poles and mode energies. There is only a single joint density/single-particle mode. Thus there are no independent single-particle modes lying at low energy to which the density P-R mode can decay. As a result the P-R mode is uniquely sharply defined at low temperature (e.g., compared to phonons in solid 4 He or zero sound in normal liquid 3 He). We expect sharply defined modes below T BEC where there is BEC but not above T BEC where there will be independent single-particle modes.
Secondly, when there is a condensate, the single particle G(Q, ω)a p pe a r si nχ(Q, ω) with a weight proportional to n 0 . This may be seen qualitatively from the intermediate DSF,
k+Q a k is the density operator and a † k is the single-particle creation operator. When there is a
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Phonon-roton modes in liquid 4 He coincide with Bose-Einstein condensation condensate (macroscopic occupation of the k = 0 state), the a 0 becomes a number,
where A † Q = a † Q + a −Q and ρ ′ (Q) is the "regular" density operator that does not include the k = 0 state. In this case ( 6 ) in which first term is proportional to n 0 and χ INT (Q, ω) is a cross term proportional to √ n 0 . When the P-R mode energy is high and near the edge of the two P-R band, the weight in the P-R mode is small. This is the case at higher wave vectors beyond the roton, Q 2.5Å −1 . At wave vectors beyond the roton, eq. (6) for χ(Q, ω) describes the temperature dependence of S(Q, E) well [47] . The sharp mode is represented by the G(Q, ω)t e r mw i t hw e i g h ti nS(Q, ω) proportional to the condensate fraction, n 0 (T ), which tracks the observed w e i g h ti nt h eP -Rm o d ew e l l .T h es h a r pP -Rm o d ei sn o longer observed [48] above T BEC where n 0 =0.
In the present data, the weight of the roton in S(Q, E) appears to be proportional to n 0 (T ). However, at the roton wave vector, as in bulk liquid helium, almost all of the weight in S(Q, E) lies in the roton mode. At the same time, n 0 is small, especially at high pressure (less than 3%). In this case the simple model equation (6) would not reproduce the present data. Somehow there must be a transfer of intensity into the P-R mode from the remainder of χ(Q, ω). Thus, at this stage, the fieldtheoretic formulation of S(Q, E) provides a framework for understanding why the intensity in the roton can be proportional to n 0 and why the response is very different below and above T BEC . However, an explicit model that reproduces the data of fig. 3 remains to be constructed.
Finally, as noted above, liquid 4 He in porous media and in films on surfaces supports layer modes that propagate in the liquid layers adjacent to the media walls. The layer mode is observed at wave vectors 1.7 <Q<2.3Å
and has a roton-like energy minimum, Δ L ,a ta ne n e r g y approximately 0.15 meV below the P-R roton energy, Δ. Figure 4 shows the roton energy, Δ, in MCM-41 and the layer mode energy, Δ L , in MCM-41 and gelsil observed here vs. pressure. The Δ in MCM-41 and in gelsil [38, 41] are consistent with bulk roton energies [21, 49] . Indeed, in all porous media investigated to date, the P-R mode energies are found to be the same as those in the bulk within precision at SVP [32] and at higher pressure [38, 41] . As shown initially in Vycor, it is the excitation of the lower-energy layer mode that is responsible for the specific heat of liquid 4 He at high temperature in porous media [24] . For example, in early measurements [22] at SVP in Vycor, c V was identified as arising from excitation of a layer mode. The layer mode energy extracted from c V (Δ L =0.53 ± 0.02 meV) agrees with the layer 4 He at p 24 bar (from Gibbs et al. [21] and Stirling [49] ) and solid circles in MCM-41 (25 <p<40 bar). The roton energy in all porous media investigated is the same as in the bulk [32, 39] . The solid and open black circles are the layer mode energies (ΔL)i ng e l s i l and MCM-41, respectively. In the inset, the upper line is the bulk roton energy and the lower line the energy of the mode extracted by Yamamoto [45] from the cV of liquid 4 He in gelsil, which agrees with the layer mode energy ΔL that we observe here (inset from Yamamoto et al. [45] ). (1 meV = 11.6K.) mode energy subsequently observed in Vycor [29, 30] (Δ L =0.55 ± 0.01 meV).
The inset in fig. 4 shows both the bulk roton energy Δ and the energy of the mode extracted from c V in gelsil [45] which lies below Δ. The energy of the mode extracted [45] from c V agrees well with the layer mode energy, Δ L observed here, as was the case in Vycor at SVP. For this reason we believe, it is excitation of the layer mode and not the P-R mode that gives rise to c V at high temperature in gelsil. If this is the case, then the temperature at which c V peaks is determined by the layer mode energy and is not related to the P-R mode. The temperature at which c V peaks has been used to identify T BEC . However, there is no demonstrated connection between the existence of layer modes and BEC. For this reason, the c V in porous media has, at this time, no demonstrated connection with BEC or T BEC .
In summary, the present data shows that the P-R mode of liquid 4 He at higher Q values exists only at low temperature. As temperature is increased, the weight in the P-R mode decreases and this weight is transferred from the P-R mode to new response at low energy, interpreted as normal liquid (NL) response. The transfer of intensity takes place with no observable mode broadening because the temperature is low. The normal liquid response lies at low energy well below the P-R mode. The temperature at which the P-R mode vanishes is identified as T BEC , the temperature at which the liquid no longer supports localized patches 56008-p5 of BEC and becomes a fully normal liquid. An independent measurement of the condensate fraction, n 0 (T )i n MCM-41 to confirm T BEC would be most interesting but is difficult. The temperature dependence of the weight in the below T BEC is similar to that of the condensate fraction n 0 (T ) observed in bulk 4 He and a connection between n 0 and this weight is made. * * * It is a pleasure to acknowledge the support of the Institut Laue-Langevin and O. Losserand and X. Tonon at ILL for valuable assistance with the experiments. This work was supported by the US DOE, Office of Basic Energy Sciences under Contract No. ER46680.
